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ABSTRACT 

Continued  interest  in  ceramic  matrix  composites  for  the  use  in  high  temperature  applications 
necessitates  a  comprehensive  understanding  of  the  effect  of  time-dependent  loading  in  various 
environments  on  the  material’s  mechanical  response.  This  understanding  has  to  include  the  effect 
of  structural  features,  such  as  holes,  on  the  material  performance.  In  this  work,  residual  strength 
tests  were  conducted  for  samples  with  2.286,  and  4.572  mm  average  diameter  holes,  located  at 
the  center  of  the  specimen,  after  time-dependent  experiments  conducted  in  air.  Samples  were 
subjected  to  creep  and  dwell  fatigue  tests  at  1204  °C  under  net-section  stresses  ranging  from 
55.16  to  165.48  MPa  for  durations  ranging  from  10  to  2400  hours  prior  to  residual  strength 
experiments  at  room  temperature.  Data  acquired  from  residual  strength  testing  for  samples  with 
holes  are  analyzed  and  compared  to  similar  data  from  standard  samples. 

INTRODUCTION 

Testing  is  conducted  to  understand  the  long-term  behavior  of  Ceramic  Matrix  Composites 
(CMCs)  under  conditions  of  sustained  load  at  high  temperatures.  Examples  of  long-term 
environments  would  include  ground  base  turbines  for  power  generation  where  CMCs  are  being 
considered  for  combustor  liners,  turbine  vanes  and  shroud  applications.  These  applications  can 
see  design  times  of  up  to  30,000  hours.  Such  long  term  applications  are  working  to  leverage  the 
high  temperature  material  capability  while  taking  advantage  of  reduced  cooling  and  durability 
improvements  that  CMCs  can  provide  over  typical  metals  without  cooling  air  that  is  needed  for 
the  nickel  base  superalloys  as  a  possible  replacement.  This  paper  reports  data  and  analysis  of 
specimens  with  holes  subjected  to  time-dependent  tests  followed  by  a  residual  strength 
experiments  conducted  at  room  temperature  and  compared  to  data  on  standard  specimens 
published  in  previous  years. 

EXPERIMENTAL  PROGRAM 
Materials  and  Manufacturing 

The  material  chosen  for  the  study  was  the  Melt  Infiltrated  SiC/SiC  CMC  system,  which  was 
initially  developed  under  the  Enabling  Propulsion  Materials  Program  (EPM)  and  is  still  under 
further  refinement  at  NASA-Glenn  Research  Center  (GRC).  This  material  system  has  been 
systematically  studied  at  various  development  periods  and  the  most  promising  was  the  01/01 
Melt  Infiltrated  iBN  SiC/SiC  (01/01  is  indicative  of  the  month  and  year  that  development  was 
frozen).  There  is  a  wide  set  of  data  from  NASA  for  this  system  as  well  as  a  broad  historic 
database  from  the  material  development.  This  allowed  a  testing  system  to  be  put  into  place  to 
look  for  key  development  properties  which  would  be  needed  from  a  modeling  effort  and  would 
hence  leverage  existing  data  generated  by  NASA-GRC. 
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The  Sylramic®  fiber  was  fabricated  by  DuPont  as  a  10  (am  diameter  stochiometric  SiC  fiber 
and  bundled  into  tows  of  800  fibers  each.  The  sizing  applied  was  polyvinyl  alcohol  (PVA).  For 
this  study,  the  four  lots  of  fibers  which  were  used,  were  wound  on  19  different  spools.  The  tow 
spools  were  then  woven  into  a  5HS  balanced  weave  at  20  EPI.  An  in-situ  Boron  Nitride  (iBN) 
treatment  was  perfonned  on  the  weave  (at  NASA-GRC),  which  created  a  fine  layer  of  BN  on 
every  fiber.  The  fabric  was  then  laid  in  graphite  tooling  to  correspond  to  the  final  part  design 
(flat  plates  for  this  experimental  program).  All  the  panels  were  manufactured  from  a  symmetric 
cross  ply  laminate  using  a  total  of  8  plies.  The  graphite  tooling  has  holes  to  allow  the  CVI 
deposition  to  occur.  At  this  stage,  another  BN  coat  layer  was  applied.  This  BN  coating  was 
doped  with  Si  to  provide  better  environmental  protection  of  the  interface.  This  was  followed  by 
SiC  vapor  deposition  around  the  tows.  Typically,  densification  is  done  to  about  30%  open 
porosity.  SiC  particulates  are  then  slurry  cast  into  the  material  followed  by  melt  infiltration  of  a 
Si  alloy  to  arrive  at  a  nearly  full  density  material.  The  material  at  this  time  has  less  than  2%  open 
porosity. 

After  fabrication,  all  the  panels  were  interrogated  by  pulse  echo  ultrasound  (10  MHz)  and  film 
X-ray.  There  was  no  indication  of  any  delamination  and  no  gross  porosity  regions  were  noted  in 
the  panels.  In  addition,  each  panel  had  two  tensile  bars  extracted  for  witness  testing  at  room 
temperature.  All  samples  tested  failed  above  a  0.3%  strain  to  failure  requirement.  Hence,  all 
panels  were  accepted  into  the  testing  effort.  Samples  were  cut  out  of  the  accepted  plates  and 
holes  where  drilled  in  diameters  of  2.286  and  4.572  mm  at  the  center  of  the  specimens  fonning 
20%  of  the  width  of  the  specimen. 

TESTING  PROCEDURE 
Creep  testing  at  1204  °C  (exposure) 

Creep  testing  is  a  test  to  determine  the  strain-time  dependence  of  a  material  under  a  constant 
load.  This  test  is  also  used  to  detennine  the  long-tenn  behavior  of  the  material  under 
combination  of  load  and  temperature.  For  ceramic  matrix  composites,  when  this  testing  is  done 
in  air,  there  is  an  added  complexity  of  environmental  exposure.  A  total  of  12  creep  tests  were 
done  on  straight-sided  tensile  bars  with  two  different  central  hole  sizes  (2.286  and  4.572  mm)  at 
1204  °C. 

Dwell  Fatigue  at  1204  °C  (exposure) 

Dwell  fatigue  testing,  sometimes  referred  to  as  “low  cycle  fatigue  tests”,  is  the  superposition 
of  a  stress  hold  at  the  peak  stress  of  a  fatigue  cycle.  Dwell  fatigue  tests  were  conducted  for  a 
dwell  time  of  2  hours  with  a  1  minute  load  and  unload  at  the  beginning  and  end  of  each  cycle. 
Eighteen  straight-sided  tensile  bars  with  two  different  central  hole  sizes  (2.286  and  4.572  mm) 
were  tested  under  55.16,  1 10.32,  and  165.48  MPa  net-section  stress  levels  at  an  R  ratio  of  0.05  at 
1204  °C.  Electronic  data  acquired  were  large  in  size  and  include  load-reload  tests  at  different 
time  intervals.  A  Matlab  code  was  developed  to  extract  this  data  and  allow  characterization  of 
the  change  in  strain  with  time. 

Residual  strength  tests  at  room  temperature  (post  exposure) 

Samples  subjected  to  time  dependent  testing  in  creep  or  dwell  fatigue  experiments  (exposure) 
were  subjected  to  cyclic  tensile  loading  at  room  temperature  until  failure  (post  exposure).  Elastic 
and  creep  strains  from  exposure  experiments  as  well  as  strain  to  failure  during  post-exposure 
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experiments  were  recorded  along  with  the  slope  of  the  stress  strain  curves  for  apparent  modulus 
calculations. 

RESULTS  AND  DISCUSSION 

Strain,  stress  to  failure  and  modulus  values  acquired  for  the  30  specimens  with  holes  are 
listed  in  Table  1  along  with  time-dependent  strain  and  exposure  time  that  each  specimen 
witnessed  during  exposure  testing.  The  time  under  exposure  varied  from  10  hours  to  2400  hours. 
Sample  of  stress  strain  diagrams  is  shown  in  Figure  1  and  2. 

Table  1:  Experimental  data  for  samples  tested  in  residual  strength  after  dwell  fatigue  and  creep 


experiments  at  different  net  section  stress  levels: 


Dwell  Fatigue 
or 

Creep 

Net 

Section 

Stress 

(MPa) 

Time 

(hours) 

Dwell  Fatigue 

Creep 

Residual 

Apparent 
Re-Load 
Modulus 
(13-56  MPa) 
(GPa) 

Elastic 

Max  Strain 

Strain 

During 

Exposure 

(mm/mm) 

Apparent 
Modulus 
(13-56  MPa) 
(GPa) 

UTS 

Net 

Section 

(MPa) 

Strain  to 
Failure 

(mm/mm) 

Strain 

(loading) 

(mm/mm) 

During 

Exposure 

(mm/mm) 

2.286  mm  hole 

Dwell 

55.16 

10 

0.000189 

0.000305 

313.7 

349.58 

0.0018 

276.9 

Dwell 

55.16 

100 

0.000206 

0.000427 

298.3 

420.60 

0.0027 

275.5 

Dwell 

55.16 

10 

0.000205 

0.000298 

309.3 

379.23 

0.0023 

276.6 

Dwell 

55.16 

100 

0.000216 

0.00038 

309.8 

392.33 

0.0025 

270.8 

Dwell 

165.48 

500 

0.000664 

0.001648 

292.5 

336.92 

0.0015 

287.9 

Dwell 

165.48 

524 

0.000588 

0.001259 

302.2 

325.85 

0.0013 

293.9 

Dwell 

165.48 

436 

0.000583 

0.001665 

288.2 

302.40 

0.0012 

285.8 

Dwell 

110.32 

100 

0.000391 

0.00134 

301.4 

341.30 

0.0017 

289.2 

Dwell 

110.32 

10 

0.000328 

0.000519 

301.6 

372.33 

0.0020 

289.5 

Dwell 

110.32 

100 

0.000341 

0.000591 

314.4 

404.74 

0.0023 

296.5 

Creep 

110.32 

1004 

0.0026 

284.0 

357.85 

0.0023 

262.9 

Creep 

55.16 

2150 

0.00293 

261.9 

264.21 

0.0018 

na 

Creep 

55.16 

1129 

0.00193 

270.7 

312.05 

0.0022 

228.6 

Creep 

110.32 

1061 

0.00163 

270.5 

368.19 

na 

245.1 

Creep 

55.16 

2400 

0.00387 

259.7 

309.90 

0.0023 

221.3 

Creep 

55.16 

998 

0.00078 

279.0 

325.95 

0.0023 

231.9 

4.572  mm  hole 

Dwell 

110.32 

100 

0.00041 

0.000824 

289.2 

335.10 

0.0015 

288.8 

Dwell 

110.32 

10 

0.000412 

0.000546 

303.9 

330.96 

0.0016 

297.6 

Dwell 

110.32 

100 

0.000416 

0.000637 

303.5 

343.37 

0.0018 

284.9 

Dwell 

55.16 

10 

0.000168 

0.000125 

304.7 

346.82 

0.0019 

286.7 

Dwell 

55.16 

100 

0.000181 

0.000351 

293.0 

341.30 

0.0019 

269.7 

Dwell 

110.32 

10 

0.000355 

0.0007 

300.4 

330.96 

0.0016 

293.4 

Dwell 

55.16 

100 

0.000208 

0.000364 

316.4 

363.19 

0.0021 

289.5 

Dwell 

55.16 

10 

0.000244 

0.000293 

316.5 

352.33 

0.0019 

296.4 

Creep 

55.16 

858 

0.00373 

286.3 

314.41 

0.0018 

263.3 

Creep 

110.32 

1041 

0.00332 

306.7 

312.33 

0.0015 

287.6 

Creep 

55.16 

1052 

0.00113 

297.0 

282.14 

0.0015 

274.6 

Creep 

110.32 

1046 

0.00402 

323.2 

312.65 

0.0014 

306.1 

Creep 

110.32 

1863 

0.00515 

279.5 

210.61 

0.0011 

na 

Creep 

55.16 

2065 

0.00206 

289.1 

325.77 

0.00183 

261.5 

na  =  not  available 
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Figure  1.  Residual  strength  for  sample  with  4.572  mm  hole  tested  in  dwell  fatigue 

for  100  hours  at  55.16  MPa 

The  effect  of  exposure  time  on  residual  strength  is  shown  in  Figure  3  and  on  the  strain  to 
failure  is  illustrated  in  Figure  4  along  with  data  from  standard  samples  as  reference.  Figure  5 
shows  the  change  of  the  value  of  strain  to  failure  with  the  exposure  strain  for  samples  with  and 
without  holes. 


Figure  2.  Residual  strength  for  sample  with  4.572  mm  hole  tested  in  dwell  fatigue  for  1052 

hours  at  55.16  MPa 
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It  is  important  to  note  that  the  existence  of  the  hole  in  the  area  of  the  gage  length  added  an 
un-remediated  artifact  to  the  strain  calculation  and  forced  the  use  of  an  alternative  term  to  strain, 
which  is  displacement/gage  length.  This  limits  the  comparison  between  standard  samples  and 
samples  with  holes  to  be  qualitative.  Using  this  term,  the  effect  of  exposure  time  on  residual 
strength  is  shown  in  Figure  3  and  on  the  displacement/gage  to  failure  is  illustrated  in  Figure  4 
along  with  data  from  standard  samples  as  reference.  Figure  5  shows  the  change  of  the  value  of 
strain  to  failure  with  the  exposure  strain  for  samples  with  and  without  holes.  It  can  be  seen  from 
Figures  3  and  4  that  there  is  a  general  reduction  in  residual  strength  and  residual 
displacement/gage  length  with  the  increase  in  exposure  time  and  the  value  of  displacement/gage 
length  accumulated  during  exposure.  Standard  specimens  showed  higher  residual  strength  and 
residual  displacement/gage  length  than  specimens  with  holes.  The  impact  of  hole-diameter  was 
not  obvious  and  data  for  specimens  with  2.286  mm  holes  are  at  the  same  level  as  those  from 
specimens  with  4.572  mm  holes. 


Exposure  time  (hours) 

Figure  3.  Residual  strength  for  samples  with  and  without  holes  vs.  exposure  time  for 
samples  subjected  to  various  stress  levels  during  initial  testing 
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Figure  4.  Residual  (displacement/gage  length)  for  samples  with  and  without  holes  vs. 
exposure  time  for  samples  subjected  to  various  stress  levels  during  initial  testing 
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Figure  5.  Residual  strain  for  samples  with  and  without  holes  vs.  creep  strain  during 
exposure  for  samples  subjected  to  various  stress  levels  during  initial  testing 
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The  depreciation  of  materials  capabilities  with  time-dependent  loading  under  dwell  fatigue 
experiments,  as  well  as  fatigue  experiments,  can  be  attributed  to  the  reduction  in  the  ability  of  the 
fiber/coat  and  the  coat/matrix  material  to  carry  shear  strength.  This  concept  was  studied  by 
Reynaud  et  al.  [1,2],  and  used  to  characterize  the  micro-structural  origin  of  the  hysteresis  by 
linking  it  to  fiber/coat  and  matrix/coat  interfacial  shear  assuming  that  under  repeated  loading  the 
composite  forms  a  series  of  interfacial  damaged  and  undamaged  zones  confined  between  matrix 
cracks.  Progressive  wear  at  the  interfaces  between  the  fiber/coat  and  the  coat/matrix  is 
considered  responsible  for  depreciation  of  the  ability  to  carry  interfacial  stresses  that  starts  in 
limited  zones  and  progresses  to  cover  most  of  the  composite.  The  approach,  as  defined  by 
Reynaud  [1,2],  can  be  illustrated  by  two  scenarios  as  shown  in  Figure  6: 

1 .  Increase  in  the  area  of  hysteresis  loops  with  the  number  of  cycles  leading  to  a  decrease  in 
ability  to  carry  interfacial  shear  stress  (t)  resulting  from  a  local  sliding  at  the  liber/coat  or 
coat/matrix  interface. 

2.  Decrease  in  the  area  of  hysteresis  loops  with  number  of  cycles  leading  to  a  decrease  in  the 
ability  to  carry  interfacial  shear  stress  resulting  from  a  global  sliding  at  all  the  interfaces. 


Figure  6:  Decrease  in  interfacial  shear  stress  with  mechanical  hysteresis  following 
scenario  1  (right)  and  scenario  2  (left)  [1] 

As  seen  from  Figure  7,  the  area  of  the  hysteresis  loops  decreases  with  the  number  of  loading 
cycles  following  the  second  scenario  indicating  a  possible  decrease  in  the  ability  to  carry  of 
interfacial  shear  stress  with  repeated  loading.  This  can  be  calculated  as  follows  [1]: 
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S=  maximum  stress  applied,  and  r  =  radius  of  fibers,  AW  =  area  of  hysteresis  loop,  d  =  mean 
distance  between  two  neighboring  cracks,  Ef,  V/,  Em  and  Vm  are  the  Young’s  moduli  and  volume 
fractions  of  fibers  and  matrix,  respectively,  and  Ex  is  the  Young’s  modulus  of  the  composite  in 
the  load  direction. 
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Figure  7.  The  effect  of  cycles  during  dwell  fatigue  experiments  on  the  area  of  hysteresis 

loops  of  the  stress-strain  curves 


CONCLUSIONS 

Residual  strength  and  displacement/gage  length  to  failure  of  specimens  with  holes  was 
presented  in  this  work.  It  was  observed  that  although  the  effect  of  the  existence  of  the  hole  has  an 
impact  on  the  material  response  when  compared  to  specimens  without  holes,  the  effect  of  the 
change  in  the  hole  size  between  2.286  and  4.572  mm  did  not  show  a  difference  in  response.  A 
possible  damage  mechanism  due  to  repeated  loading  evident  in  the  reduction  in  the  area  of 
hysteresis  loops  was  discussed. 
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